The charging of spinning insulating objects by plasma and photoemission 7 is studied with the particle-in-cell method. Unidirectional photon flux, dif- 
Introduction
The charging of an object by plasma is one of the basic problems in space and plasma 18 physics. If only plasma currents are considered, the charge on the object is usually negative
19
[ Svenes and Trøim, 1994; Vladimirov et al., 2005; Miloch et al., 2007] . The plasma flow 20 introduces asymmetry to the object's charging and gives rise to wakes in the plasma den-21 sity and potential [Vladimirov and Nambu, 1995; Melandsø and Goree, 1995; Vladimirov 22 and Ishihara, 1996; Ishihara and Vladimirov , 1997] . This asymmetry is more pronounced 23 for insulating than for conducting objects [Miloch et al., 2007 [Miloch et al., , 2008a . Photoelectric cur-24 rent can lead to positively charged objects [Shukla and Mamun, 2002; Vladimirov et al., 25 2005]. If photoemission is due to a directed photon flux, the electric dipole moment can 26 develop on insulating objects. There is a significant difference between the wake of the 27 negatively and positively charged object, with a strong density rarefaction for the latter 28 [Miloch et al., 2008b] .
29
The understanding of the charging of an object in a complex environment with sunlight 30 and plasma flow is of concern for the operation of spacecrafts or sounding rockets [Svenes 31 and Trøim, 1994; Roussel and Berthelier , 2004] . The charging of insulating components 32 of such objects can result in strong potential differences between the shadow and sunlit 33 sides. Changes of the plasma parameters in the vicinity of the object need to be accounted 34 for when analyzing the instrument data [Lai et al., 1986] . The problem can be further 35 complicated by the spinning of an object, whether it is an intrinsic rotation of an asteroid 36 or dust grain, or imposed for the attitude and stability control of a spacecraft or rocket
37
[ Lee et al., 2001; Kurihara et al., 2006] .
X -4 MILOCH AND VLADIMIROV: CHARGING OF SPINNING OBJECTS
Analytical models for satellites spinning in sunlight demonstrated the development of 39 potential barriers that decelerate photoelectrons and allow the sunlit side of the spacecraft 40 to be negatively charged [Tautz and Lai , 2006, 2007] . These models assume the satellite such a problem is difficult to develop, and the numerical analysis seems appropriate.
46
In this letter we discuss results from the particle-in-cell (PIC) simulations of spinning 47 insulating objects in flowing plasmas exposed to unidirectional photon flux. The analysis
48
is relevant for such objects as satellites, rockets or asteroids in space, boulders on lunar 49 surface, or dust grains in experimental devices [Horányi , 1996; Fortov et al., 1998; Khrapak 50 et al., 1999] . 
Numerical code
The analysis is carried out in two spatial dimensions in Cartesian coordinated using the 52 PIC numerical code described in detail by Miloch et al. [2007 Miloch et al. [ , 2008a 
69
The code allows for an arbitrary angle of the photon incidence on the object. When The mean charge values for different v d and ω are summarized in Table 1 . Since there is 86 little difference in the charging characteristic for ζ = 5 and ζ = 100, only the results for 87 ζ = 100 are shown in Fig. 2 and Table 1 .
88
Photoemission due to unidirectional photons leads to the development of an electric 89 dipole moment on the object. The electric dipole moment is initially antiparallel to the 90 photon direction, and it co-rotates with the object. It vanishes at the certain angle between 91 the incoming photon direction and the dipole moment, which increases with increasing ω.
92
The electric dipole moment antiparallel to the photon direction reappears after the full 93 rotation of the object.
94
In flowing plasmas, the wake in the plasma density forms behind a spinning object. This 95 wake oscillates in time. The region of rarefied plasma density has large spatial extent when 96 the object is positively charged, while for a negatively charged object, the plasma density 97 in the wake can be enhanced and the ion focusing observed. The oscillatory nature of the 98 wake is demonstrated in the ion density plots in Fig. 3a) . The transition between the ion 99 wake and the enhanced ion density is asymmetric. The edge of the wake is distorted by probes, we observe oscillations with the periods equal to the rotation period of the object.
116
The amplitudes of oscillations on the side of the object that is charged predominantly For temperature ratio ζ = 5, the total charge on the object is less negative than for for both cases, with the negative part of oscillations being more negative for colder ions.
123
The ion wake is smaller and less pronounced for warmer ions, but the analyses of potential 124 oscillations close to the object are similar for both temperature ratios.
125
For the control case of the photons incidence angle of 90
• with respect to the plasma 126 flow, the wake is spatially different from the case for α = 0
• . However, the principal 127 mechanism and oscillations of the total charge in time are the same. The mean charge is 128 slightly higher for α = 90
• than for α = 0 • .
129

Discussion and Conclusions
With the onset of the photoemission due to unidirectional photon flux, an electric 130 dipole moment develops on the object. Most of the positive charge is localized on the 131 illuminated side of the object, while the opposite side is predominantly negatively charged.
132
For a spinning object, the photoelectric current neutralizes negatively charged regions, respect to the plasma flow and direction of photons is shown in Fig. 1 . Table 1 . The mean charge value on the spinning insulating object in the presence of photoemission for ζ = 100. The charge is presented in units of elementary two-dimensional charge:
q 0 = e √ n, where e is the elementary charge in a three dimensional system and n is a plasma density in a two dimensional system. 
